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ABSTRACT
We present the results of EVN and MERLIN 5 GHz observations of nine ultra-
high-energy synchrotron peak BL Lacs (UHBLs) selected as all BL Lacs with log
(νpeak/Hz) > 20 from Nieppola et al.. The radio structure was investigated for these
sources, in combination with the available VLBA archive data. We found that the core-
jet structure is detected in five sources, while four sources only have a compact core
on pc scale. The core of all sources shows high brightness temperature (with mean
and median values log (Tb/K) ∼ 11 , which implies that the beaming effect likely
present in all sources. When the multi-epoch VLBI data are available, we found no
significant variations either for core or total flux density in two sources (2E 0414+0057
and EXO 0706.1+5913), and no evident proper motion in 2E 0414+0057, while the
superluminal motion is likely detected in EXO 0706.1+5913. Our sources are found
to be less compact than the typical HBLs in Giroletti et al, by comparing the ratio
of the VLBI total flux to the core flux at arcsec scale. Combining all our results, we
propose that the beaming effect might be present in the jets of UHBLs, however, it
is likely weaker than that of typical HBLs. Moreover, we found that UHBLs could
be less Doppler beamed versions of HBLs with similar jet power, by comparing the
distribution of redshift, and radio luminosities. The results are in good consistence
with the expectations from our previous work.
Key words: BL Lac objects – galaxies: active – quasars: general
1 INTRODUCTION
BL Lac objects are a type of radio loud active galactic nuclei
(AGNs) with no emission lines or less of them and charac-
terized by the nonthermal radiation over the entire electro-
magnetic spectrum. They can be classified as different sub-
classes based on their spectral energy distribution (SED),
namely, low frequency peaked BL Lac objects (LBL), in-
termediate objects (IBL) and high frequency peaked BL
Lac objects (HBL) (Padovani & Giommi 1995). Generally,
LBLs are intrinsically more luminous than HBLs with the
5 GHz radio luminosity, γ-ray luminosity and the lumi-
nosity at peak frequency νpeak of the synchrotron compo-
nent, which is called blazar sequence (see Fossati et al. 1998;
Ghisellini et al. 1998, for details).
The power - νpeak anti-correlation suggested by blazar
sequence has been tested by larger blazar samples in re-
⋆ E-mail: zzwu08@gmail.com
cent years; however, the results are controversial (Padovani
2007). Meyer et al. (2011) shows that blazar sequence is
formed from two populations in the synchrotron νpeak -
Lpeak plane, each forming an upper edge to an envelope of
progressively misaligned blazars and most intermediate syn-
chrotron peak (ISP) sources are not intermediate in intrinsic
jet power between LSP and high synchrotron-peaking (HSP)
sources, but are more misaligned versions of HSP sources
with similar jet powers. Rani et al. (2011) found that the
changes in the jet Doppler factor is the most important
one among the model parameters responsible for changes
in the observed SEDs of blazars. Wu et al. (2007) found a
significant anti-correlation between the intrinsic νpeak and
the total luminosity at 408 MHz, which is less affected by
the beaming effect thus represents the intrinsic radio emis-
sion. As a whole, LBLs are found to be more powerful than
HBLs. The authors claimed that HBLs have smaller Doppler
factor and larger viewing angle than LBLs. Intriguingly,
after eliminating the beaming effect in both parameters,
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Nieppola et al. (2008) and Wu et al. (2009) found a positive
correlation between the synchrotron peak frequency and lu-
minosity, which is opposite to the blazar sequence.
In order to understand the differences between the
subclasses of BL Lacs, the high resolution radio obser-
vations have been performed to explore the jet proper-
ties for HBLs and LBLs, and the comparison between
these two populations were made. The VLBI observa-
tions showed that most LBLs display superluminal motions
(Chen et al. 1999; Gabuzda et al. 2000; Jorstad et al. 2001),
while the TeV blazars (most are HBLs) display subluminal
or mildly relativistic motions (Giroletti et al. 2004b, 2006;
Piner & Edwards 2004). Rector et al. (2003) observed 15
HBLs and 3 RGB BL Lacs, and found that HBLs, like most
LBLs, show parsec-scale core-jet morphologies with com-
plex kilo-parsec scale morphologies. Moreover, the jets in
HBLs are more well aligned, suggesting that their jets are ei-
ther intrinsically straighter or are seen further off-axis than
LBLs. Giroletti et al. (2004a) selected 30 low redshift BL
Lac objects and confirmed that HBLs show less distortion
and therefore, are expected to be oriented at larger angles
than LBLs. All these findings seem to be consistent with
the results of Wu et al. (2007), of which HBLs have larger
viewing angles than that of LBLs.
Ghisellini et al. (1999) suggested that there is a class
of BL Lacs with the synchrotron peak at higher frequen-
cies than that of conventional HBLs, i.e. log (νpeak/Hz) >
19, and these sources can be called ultra-high-energy syn-
chrotron peak BL Lacs (UHBLs) (Giommi et al. 2001). As
these sources are at the extreme end of νpeak distribution,
the investigation of radio compact structure, and jet prop-
erty are thus crucial in studying BL Lacs populations. As
Wu et al. (2007) suggested, UHBLs are expected to have
smaller Doppler factor, larger viewing angle, and lower ra-
dio luminosity. However, as far as we know, the VLBI obser-
vations are only presented for a few UHBLs, and the radio
compact structures of UHBLs are largely unknown. In this
paper, we investigate the radio structure of UHBLs based
on our EVN and MERLIN observations and VLBI archive
data.
The layout of this paper is as follows. In Section 2,
the observations and data reduction are presented. The re-
sults are described in Section 3. The discussions are shown
in Section 4, while the conclusions are drawn in Section
5. Throughout the paper, we define the spectral index α
as fν ∝ ν
−α, where fν is the flux density at frequency ν,
and a cosmology with H0 = 70 km s
−1 Mpc−1, ΩM = 0.3,
ΩΛ = 0.7 is adopted.
2 OBSERVATION AND DATA REDUCTION
Nieppola et al. (2006) have constructed the SEDs for a
large, heterogeneous sample of BL Lacs taken from the
Veron-Cetty & Veron BL Lac catalogue and visible from
the Metsha¨hovi radio observatory. This is the first time the
SEDs of BL Lacs have been studied with a sample of over
300 objects. In the sample, 22 BL Lacs with νpeak > 10
19
Hz were classified as UHBLs candidates. From these sources,
we selected all nine sources with log (νpeak/Hz) > 20, which
represent the extreme population of UHBLs. In order to ex-
plore their radio structure, the VLBI simultaneous observa-
tions with EVN and MERLIN, were carried out at 5 GHz for
these sources in February 2009 with a total observing time
of 24 hours. The phase reference technique was used for all
sources except for 2E 0414+0057 and EXO 0706.1+5913.
The phase calibrators were found in the VLBA calibrators,
whose distances from the targets are less than 3 degrees. In
order to get higher angular resolution, we request also two
Chinese telescopes, but unfortunately, the Urumqi station
was unavailable during the observation. The recording rate
of 1 Gb/s was adopted, and the scan time around 1.5 hours
was taken for each source.
Besides our observations, we also collected the avail-
able VLBA archive data. All these observations are listed
in Table 1. The data reduction were performed using the
NRAO Astronomical Image Processing System (AIPS). The
imaging and model fitting were carried out with DIFMAP
package (Shepherd, Pearson & Taylor 1994). The image pa-
rameters for our EVN and MERLIN observations are listed
in Table 2: Col. (1) source name, Col. (2) redshift, Cols. (3)
- (4) the observational date and the half-power beamwidth
(HPBW) of the weighted beam, Col. (5) the noise of the
image, Col. (6) the peak flux of the image, Col. (7) VLBI
array.
3 RESULTS
The radio components from the circular gaussian model fit-
ting for EVN images are listed in Table 3, in which Col.
(1) is the source name, Col. (2) the observation epoch, Col.
(3) the observation frequency, Col. (4) the label of radio
components, Col. (5) the flux density and uncertainties of
corresponding components (in mJy), Col. (6) the distance
of component to core (in mas), Col. (7) the position angle
of component, Col. (8) the radius of components, and Col.
(9) the brightness temperature (see Section 4.1). All the un-
certainties of the component parameters were derived using
the formula given by Andrei Lobanov 1.
3.1 Source position
With the phase-reference technique, we are able to ob-
tain the accurate positions from the VLBI data, which are
listed in Table 4 for seven sources. All the celestial posi-
tions we used for correlation are from NASA/IPAC Extra-
galactic Database (NED)2. Our results show that the accu-
rate position for RXS J1341+3959 and RXS J1410+6100
are significantly different from the positions provided by
NED, with position difference larger than 10
′′
. The accu-
rate positions for these two sources can only be derived
from our MERLIN data (see Table 4), which however, are
much closer to that from the Faint Images of the Radio Sky
at Twenty Centimeters (FIRST) 1.4-GHz radio catalogue
(Becker, White & Helfand 1995), with a position difference
less than 0
′′
.3 and 0
′′
.5, respectively. The accurate positions
of other sources are obtained from the EVN data, which
might be more accurate than those from the FIRST images.
1 http://www.radionet-eu.org/rda/archive/eris-11− lobanov.pdf
2 http://ned.ipac.caltech.edu/
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Table 1. The VLBI observation log.
Object z Epoch Freq Array
(years) (GHz)
2E 0414+0057 0.287 1996.68 4.99 VLBA
1997.38 4.99 VLBA
1999.70 4.99 VLBA
2004.73 4.99 VLBA
2004.73 8.42 VLBA
2009.16 4.99 EVN+MERLIN
2010.99 8.65 VLBA
2011.02 8.65 VLBA
EXO 0706.1+5913 0.125 2002.13 5.00 VLBA
2004.73 4.99 VLBA
2004.73 8.42 VLBA
2009.16 4.99 EVN+MERLIN
2010.93 8.65 VLBA
1ES 0927+500 0.14 2009.16 4.99 EVN+MERLIN
2010.15 8.42 VLBA
2010.15 15.37 VLBA
RXS J1012.7+4229 0.364 2009.16 4.99 EVN+MERLIN
RGB 1319+140 0.573 2009.16 4.99 EVN+MERLIN
RXS J1341+3959 0.163 2009.16 4.99 EVN+MERLIN
2009.79 8.42 VLBA
2009.79 15.37 VLBA
RXS J1410+6100 0.384 2009.16 4.99 EVN+MERLIN
RXS J1458.4+4832 0.541 2009.16 4.99 EVN+MERLIN
RXS J2304.6+3705 0.57 2009.16 4.99 EVN+MERLIN
Table 2. The EVN+MERLIN image parameters.
Object z HPBW Noise (3σ) Peak Array
(mas × mas,◦) (mJy beam−1) (mJy beam−1)
1ES 0927+500 0.14 2.63× 1.61, 22.2 0.18 12.4 1
63.3× 41.2, −62.8 1.06 23.7 2
2.75× 1.69, 22.8 0.17 12.6 1+2
RXS J1012.7+4229 0.364 4.7× 2.49, −3.4 0.15 19.6 1
62.4× 42.3, 43.1 1.04 32.6 2
4.9× 3.62, −9.27 0.31 19.9 1+2
RGB 1319+140 0.573 6.23× 2.1, 15.2 0.263 26.2 1
70.4× 49.7, 23.5 1.4 41.7 2
6.35× 2.23, 15.6 0.302 32.2 1+2
RXS J1341+3959 0.163 5.82× 2.23, 30.7 0.25 6.9 1
54.4× 46.6, 41 0.979 22.0 2
RXS J1410+6100 0.384 2.79× 2.07, 2.23 0.17 7.15 1
53.9× 48.1, −79.8 0.81 17.6 2
RXS J1458.4+4832 0.541 4.19× 2.28, 30.2 0.168 7.7 1
52.6× 46.5, 29.9 0.844 18.4 2
RXS J2304.6+3705 0.57 4.89× 2.19, 0.999 0.092 9.72 1
63.6× 40.6, 47.5 1.12 22.2 2
1: EVN, 2: MERLIN.
3.2 Individual sources
3.2.1 2E 0414+0057
The radio structure has been studied by Rector et al. (2003)
and Kharb et al. (2008). The 5 GHz VLA image of this
source shows a jet like feature at P.A. ∼ 40◦, while the
VLBI images show a jet in P.A. ∼ 75◦ (Kharb et al. 2008).
The VLBA map resolves a jet that initially extends to the
east-northeast (P.A. ∼ 68◦) of the core and also weak, ex-
tended (∼ 3 - 4 σ) emission to the southeast of the jet, which
suggests either that the jet is collimated and bends to the
south ∼ 10 pc from the core, or that the projected jet open-
ing angle is wide (∼ 60◦). The inner portion of the jet is
well aligned (∆P.A. = 5◦) to the kpc-scale jet (Rector et al.
2003).
The radio structure of our EVN and MERLIN obser-
vation for this source is shown in Fig. 1, as well as one
VLBA image as comparison. There are two jet components
in VLBA image, however, one of them is absent in our EVN
c© 2012 RAS, MNRAS 000, ??–??
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C0
C1
C2
C0
C2
Figure 1. The radio structure of 2E 0414+0057: upper left - VLBA at 5 GHz, epoch 1997.38; upper right - our EVN observation;
bottom: Our MERLIN observation. The core, and two jet components are labeled with C0, C1 and C2, respectively. The contour levels
are (-1, 1, 2, 4, 8, 16, 32, 64) multiples the 3σ level. The horizontal axis is the relative R. A., and the vertical axis is the relative Dec. to
the source position in mas.
image, while the MERLIN image shows only a compact core.
All the measured parameters for core and jet components are
listed in Table 3, from which it can be seen that the P.A. of
inner jet component ranges from 56◦ to 90◦, while it is 88◦
- 124◦ for the outer one. Therefore, our results also suggest
that the jet of this source has a wide opening angle. Based
on the multi-epoch VLBI data, we calculated the spectrum
index of core with average flux at 4.9 and 8.6 GHz, and
found it is with α = 0.26.
3.2.2 EXO 0706.1+5913
The 1.4 GHz VLA image shows that the radio core is lo-
cated on the north-west edge of a roughly spherical cocoon.
It was suggested that this object could be a wide-angle or
narrow-angle tailed object, viewed at a small angle. The
5 GHz VLBA image shows a weak jet to the south-west
(Giroletti et al. 2004a).
We present our EVN and MERLIN image of this source
in Fig. 2. The core and three jet components are detected
from EVN observation, and their parameters are listed in
Table 3 for all the VLBI data. We found that the P.A. of
jet components from all the VLBI data ranges from -128◦
to -170◦, indicating that the projected jet opening angle is
likely around 42◦. A flat spectra is found with α=0.22 for
the core, using the average flux at 4.9 and 8.6 GHz from
multi-epoch VLBI data (see Table 3).
3.2.3 1ES 0927+500
This source was observed with VLA config A at 1.4 GHz,
with a peak flux density 19.9 mJy and no information
is available on the pc-scale morphology (Giroletti et al.
2004a). Our EVN, MERLIN and EVN+MERLIN images
(Fig. 3) shows that this source has a compact core, and the
weak diffuse emission at south-east to the core is detected
at EVN and EVN+MERLIN images. The measured core
parameters are shown in Table 3.
3.2.4 RXS J1012.7+4229
The total flux at 1.4 GHz for this source is around 79 mJy
from both FIRST and the NRAO VLA Sky Survey (NVSS) .
Our EVN, MERLIN and EVN+MERLIN images are shown
in Fig. 4. The EVN, EVN+MERLIN images show that there
is a jet bending to the northeast direction. Consistently,
there is a hint of jet structure towards the northeast direc-
tion in the MERLIN image. Two jet components are found
with P.A. around 6◦ and 25◦, respectively, which is shown
in Table 3.
3.2.5 RXS J1319+1405
The total flux at 1.4 GHz for this source is around 65.8 mJy
from FIRST catalogue. Our EVN and MERLIN images are
presented in Fig. 5. The EVN and EVN+MERLIN images of
this source shows a core-jet structure with jet towards east
c© 2012 RAS, MNRAS 000, ??–??
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C0
C1
C2
C3
Figure 2. The radio structure of EXO 0706.1+5913 from our EVN and MERLIN observation: left - our EVN observation; right our
MERLIN observation. The core and three jet components are marked in the image. The contour levels are (1, 2, 4, 8, 16, 32, 64) multiples
the 3σ level. The horizontal axis is the relative R. A., and the vertical axis is the relative Dec. to the source position in mas.
1ES 0927+500 1ES 0927+500
1ES 0927+500
Figure 3. The EVN (upper left), MERLIN (upper right) and EVN+MERLIN (bottom) images of 1ES 0927+500 at 5 GHz. The contour
levels are (-1, 1, 2, 4, 8, 16, 32, 64...) multiples the minimum contour level, which is 3 times the rms noise given in Table 2. The horizontal
axis is the relative R. A., and the vertical axis is the relative Dec. to the source position in mas.
c© 2012 RAS, MNRAS 000, ??–??
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J1012+4229 J1012+4229
J1012+4229
Figure 4. The EVN (upper left), MERLIN (upper right) and EVN+MERLIN (bottom) images of RXS J1012.7+4229 at 5 GHz. The
contour levels are (-1, 1, 2, 4, 8, 16, 32, 64...) multiples the minimum contour level, which is 3 times the rms noise given in Table 2. The
horizontal axis is the relative R. A., and the vertical axis is the relative Dec. to the source position in mas.
direction with P.A. around 80◦ (see Table 3). In the MER-
LIN image, the sign of weak emission is found at much larger
distance, but at similar direction. The image parameters are
shown in Table 2.
3.2.6 RXS J1341+3959
The total flux at FIRST 1.4 GHz for this source is around
39.9 mJy. Both the EVN and MERLIN images show a com-
pact core, which is presented in Fig. 6. The image parame-
ters are shown in Table 2.
3.2.7 RXS J1410+6100
The total flux at 1.4 GHz for this source is around 5.4 mJy
from VLA FIRST. Similar to RXS J1341+3959, a compact
core is observed from both the EVN and MERLIN images
(Fig. 7), with the image parameters shown in Table 2. We
found that the EVN 5 GHz core flux density is about 7.2
mJy, which however is higher than the FIRST VLA 1.4 GHz
total flux. This indicates that either the radio spectrum is
invert, or there is variations in the flux at these two radio
bands.
3.2.8 RXS J1458.4+4832
The total flux at 1.4 GHz for this source is around 2.5
mJy from VLA NVSS. We show our radio images in Fig.
8. The EVN image shows a compact core, while MERLIN
image shows weak diffuse emission at a large scale towards
northeast direction. Similar to RXS J1410+6100, the EVN 5
GHz total flux ∼7.6 mJy and the MERLIN peak flux ∼18.4
mJy/beam are apparently larger than the total NVSS flux,
which implies either a invert spectrum or flux variation in
RXS J1458.4+4832.
3.2.9 RXS J2304.6+3705
The total flux at 1.4 GHz for this source is around 22.5 mJy
from VLA NVSS data. Our EVN image shows a possible
jet structure towards northwest direction with P.A. ∼ −60◦
(see Fig. 9 and Table 3). It has a total radio flux around 11
mJy from EVN image. The MERLIN image shows only a
compact core, with peak flux about 22 mJy/beam.
c© 2012 RAS, MNRAS 000, ??–??
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J1319+1405
J1319+1405
J1319+1405
Figure 5. The EVN (upper left), MERLIN (upper right) and EVN+MERLIN (bottom) images of RXS J1319+1405 at 5 GHz. The
contour levels are (-1, 1, 2, 4, 8, 16, 32, 64...) multiples the minimum contour level, which is 3 times the rms noise given in Table 2. The
horizontal axis is the relative R. A., and the vertical axis is the relative Dec. to the source position in mas.
J1341+3959 J1341+3959
Figure 6. The EVN (left) and MERLIN (right) images of RXS J1341+3959 at 5 GHz. The contour levels are (-1, 1, 2, 4, 8, 16, 32, 64...)
multiples the minimum contour level, which is 3 times the rms noise given in Table 2. The horizontal axis is the relative R. A., and the
vertical axis is the relative Dec. to the source position in mas.
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8 Z. Z. Wu, D. Jiang and M. Gu
J1410+6100
J1410+6100
Figure 7. The EVN (left) and MERLIN (right) images of RXS J1410+6100 at 5 GHz. The contour levels are (-1, 1, 2, 4, 8, 16, 32, 64...)
multiples the minimum contour level, which is 3 times the rms noise given in Table 2. The horizontal axis is the relative R. A., and the
vertical axis is the relative Dec. to the source position in mas.
J1458+4832 J1458+4832
Figure 8. The EVN (left) and MERLIN (right) images of RXS J1458.4+4832 at 5 GHz. The contour levels are (-1, 1, 2, 4, 8, 16, 32,
64...) multiples the minimum contour level, which is 3 times the rms noise given in Table 2. The horizontal axis is the relative R. A.,
and the vertical axis is the relative Dec. to the source position in mas.
4 DISCUSSION
4.1 The brightness temperature
From the high-resolution VLBI images, the brightness tem-
perature of radio core TB in the rest frame can be estimated
with (Ghisellini et al. 1993)
TB =
Sνλ
2
2kΩs
= 1.77× 1012(1 + z)(
Sν
Jy
)(
ν
GHz
)−2(
θd
mas
)−2 (1)
in which z is source redshift, Sν is core flux density at fre-
quency ν, and θd is source angular diameter θd = a with
a being the radius of circular components. The intrinsic
brightness temperature TB′ can be related with TB by
T ′B = TB/δ. (2)
Normally, the upper limit of physically realistic brightness
temperature of nonthermal radio emission can be taken as
the equipartition brightness temperature Tin = 5 × 10
10 K
(Readhead 1994).
We have calculated the brightness temperature in the
source rest frame for the core components of these nine UH-
BLs (see Table 3), in which the measurements from the
multi-epoch and multi-frequency VLBA archive data are
also given. The distribution of all measured brightness tem-
perature is shown in Fig. 10. The mean and median values
of Tb for the radio core are ∼ 10
11 K, which exceeds the
equipartition brightness temperature Tin. The high bright-
ness temperature suggests that the beaming effect likely
presents in all sources, and it can be quite strong in some
sources, for example, Tb = 10
12.89 K in RXS J1458.4+4832,
which is even greater than the inverse Compton catastrophic
brightness temperature 1012 K (Kellermann & Pauliny-Toth
1969).
4.2 The Fermi γ-ray detection
The γ-ray emission of four sources are detected by the
Fermi Large Area Telescope (LAT), and they are listed
in the second AGNs catalog (Ackermann et al. 2011), i.e.
2E 0414+0057 with γ-ray photon index Γ=1.98, EXO
0706.1+5913 (Γ=1.28), RXS J1012+4229 (Γ=1.87), RXS
J2304+3705 (Γ=1.96). The detection of γ-ray emission pro-
vide another evidence of beaming effect in these sources, in
addition to the high brightness temperature. We note that
their γ-ray photon index Γ are all smaller than 2.0. This in-
dicates that the peak frequency of inverse compton scatter-
ing could be higher than the Fermi γ-ray frequency, which
is consistent with their high synchrotron peak frequency.
Indeed, the photon index are generally consistent with the
mean photon index of HBLs 1.90 ± 0.17 (Ackermann et al.
2011), confirming their source classification.
c© 2012 RAS, MNRAS 000, ??–??
The radio structure of UHBLs 9
 J2304+3705J2304+3705
Figure 9. The EVN (left) and MERLIN (right) images of RXS J2304.6+3705 at 5 GHz. The contour levels are (-1, 1, 2, 4, 8, 16, 32,
64...) multiples the minimum contour level, which is 3 times the rms noise given in Table 2. The horizontal axis is the relative R. A.,
and the vertical axis is the relative Dec. to the source position in mas.
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Figure 10. The histogram of brightness temperature of radio cores in all sources from our observations and all VLBA archive data.
All four sources are resolved with core-jet structure,
while only one source has core-jet structure in the rest five
non-Fermi detected sources. It thus seems that the Fermi
detected BL Lac objects are more likely to have longer jets
than non-Fermi sources in our sample. Although our sam-
ple is rather small, it is consistent with the results shown
in Linford et al. (2011) that the short jet and point source
BL Lacs are less likely to produce γ-rays. About 75% of the
LAT BL Lacs are classified as long jets, compared to only
45% for the non-LAT BL Lacs.
4.3 The proper motion
In our nine sources, the proper motion can only be investi-
gated for two sources 2E 0414+0057 and EXO 0706.1+5913.
In 2E 0414+0057, the VLBI observations were collected at
eight epochs covering about 14 years (see Table 1). Two jet
components are detected and labeled as C1 and C2 (see Fig.
1). The relationship of their distance to the radio core with
the observational time is plotted in Fig. 11. The weighted lin-
ear fits of each jet component were performed in order to cal-
culate the proper motion, which is shown as solid lines in Fig.
11. The estimated proper motion are −0.02±0.008 mas yr−1
and −0.038 ± 0.021 mas yr−1 for C1 and C2, respectively.
We found that the C1 position at 8.4 GHz is consistent
with that of 5 GHz, with a bit smaller distance to the core.
Therefore, we tentatively combined position measurements
at all frequency to estimate proper motion, however, this
may cause uncertainties in estimating the proper motion,
and can be part reason of negative proper motion. Our re-
sults can only be treated as indicative, not conclusive. But,
at least, it shows that the proper motion is not large in 2E
0414+0057, and jet components are more like stationary.
In EXO 0706.1+5913, three jet components are identi-
fied as C1, C2 and C3 in our EVN image (see Fig.2 ). To in-
vestigate the jet proper motion, the VLBA archive data were
collected at four epochs, with the measurements shown in
Table 3. At epoch 2010.93, a new component C0’ is found at
a distance of 1.6 mas to core, which however is not detected
in other observations. It may either be resolved due to the
higher resolution at 8.6 GHz, or completely a new compo-
nent. EXO 0706.1+5913 was observed at 1.6 GHz with EVN
c© 2012 RAS, MNRAS 000, ??–??
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array at June 7, 2002 (Giroletti et al. 2006). The source was
resolved to core and one jet component, which is identified
as C3, according to its P.A. and distance to the core. From
all available data, C1 was measured at three epochs, while
only two epochs for C2 and C3 (see Table 3). The proper
motion of C1, C2 and C3 are then estimated from multi-
epoch data (Fig. 12), with values of 0.113± 0.115 mas yr−1
, 0.638mas yr−1 and 0.835mas yr−1, corresponding to 0.93c,
5.24c and 6.87c for C1, C2 and C3, respectively. While C1
seems to have subluminal motion, the superluminal motion
is only likely detected in C2 and C3, due to the fact that the
proper motions of these two components are only estimated
from two epochs.
4.4 The source compactness
Giroletti et al. (2004a) have used a ratio between the arc-
second core flux at 5 GHz S
′′
and the correlated VLBI to-
tal flux at the same frequency SVLBI to show that only a
small fraction (∼ 30%) of BL Lac objects has a complex
subarcsecond structure invisible in their data. To investi-
gate the compactness and compare with normal HBLs, we
used the MERLIN flux as the lower limit of arcsecond core
flux S
′′
, and EVN total flux for SVLBI to calculate the ra-
tio SVLBI/S
′′
for our nine sources. The SVLBI/S
′′
distri-
butions for our sample is compared in Fig. 13 to that of
the HBLs sample selected from Giroletti et al. (2004a). We
found that our UHBLs sample has relatively lower values
of SVLBI/S
′′
than HBLs, with mean and median values of
about 0.5 and 0.84, respectively. The result indicates that
our UHBLs sources are less compact than the normal HBLs,
likely due to the less beaming effect.
4.5 The flux variations
The multi-epoch VLBI observations of 2E 0414+0057 and
EXO 0706.1+5913 are collected to explore the variations
both in the core flux and total flux. The core and total flux
density against the observation time are presented in Figs.
14 and 15. The significances of the variations were calculated
using the method presented by DiPompeo et al. (2011),
σvar =
|S2 − S1|√
σ22 + σ
2
1
where S1 and S2 are flux at two epochs, and σ1 and σ2
are the corresponding flux uncertainties. We calculated σvar
with the fluxes at every two epochs at the same frequency.
The largest σvar of 2E 0414+0057 are 2.2 and 3.2 for the
core and total flux, respectively, while 1.0 and 2.7 for EXO
0706.1+5913. All the values are smaller than the limit value
of flux variations σvar > 4 given by DiPompeo et al. (2011).
Therefore, there are no significant variations for both the
core and total flux in these two sources, implying that the
beaming effect are likely not severe.
4.6 UHBLs and HBLs
Our EVN observations show that the core-jet structure is
clearly detected in five of nine sources. Albeit with a lower
detection rate of jet structure, this is similar to the parsec-
scale jet structure in HBLs and LBLs (Giroletti et al. 2004a;
Kharb et al. 2008; Wu et al. 2007). No counter-jets are de-
tected from our observations. All sources are unresolved
with MERLIN, except for J1012+4229, J1319+1405 and
J1458+4832, in which the signs of jet structure can be seen
(see Figs. 1 - 9).
Normally, it is believed that there are many differ-
ences between LBLs and HBLs, including the multi-band
luminosities (Nieppola et al. 2006), the redshift distribution
(Kharb et al. 2008), the Doppler factors (Wu et al. 2007),
and so on. Kharb et al. (2008) and Giroletti et al. (2004a)
shows that the distribution of total radio power at 1.4 GHz
for HBLs and LBLs are significantly different. However, the
differences between LBLs, IBLs, HBLs and UHBLs are less
discussed. To tackle this issue, we collected the data of redsh-
fit, NVSS 1.4 GHz luminosity LNVSS and 5 GHz luminosity
L5 GHz for the BL Lacs sample in Nieppola et al. (2006), in
which each BL Lac object was classified individually. The
differences of UHBLs with LBLs, IBLs, and HBLs are in-
vestigated with Kolmogorov-Smirnov (KS) test on the dis-
tribution of each parameter, and the results are shown in
Table 5 in which the source numbers of each populations
are also shown. We found that the UHBLs and HBLs have
no significant difference in the distribution of LNVSS and
redshift, while different in L5 GHz. Since 1.4 GHz radio lumi-
nosities are likely less effected by the beaming effect, there-
fore, the similar distribution of HBLs and UHBLs indicates
that these two populations may be intrinsically same (see
also Wu et al. 2012). On the other hand, the different dis-
tribution of L5 GHz implies that the beaming effect could be
different, e.g. a less beaming effect in UHBLs, due to the
fact that L5 GHz are more influenced by the beaming effect.
While the significant differences are found between UHBLs
and LBLs, it’s interesting to note that UHBLs are similar to
IBLs according to the KS test results. Recently, Meyer et al.
(2011) have argued that the IBLs are more misaligned ver-
sions of HBLs with similar jet powers. This scenario could
also be appropriate for UHBLs, at least it is consistent with
the results from direct comparison with HBLs.
Although the high brightness temperature and γ-ray de-
tection imply that the beaming effect is likely presented in
each UHBLs, the less compact radio structure, the less vari-
ations and proper motion (although only in several sources)
all suggest that the beaming effect may not be strong, likely
less than that of HBLs. Wu et al. (2007) found an strong
anti-correlation between the Doppler factor and synchrotron
peak frequency. Since UHBLs are at the high end of peak
frequency distribution, they are expected to systematically
have lower value of Doppler factor. Our results seem to be
consistent with these expectations. A lower Doppler factor
may indicate a larger viewing angle in UHBLs as expected
from Wu et al. (2007). Alternatively, the Fermi γ-rays detec-
tions in four of nine sources imply that the jet velocity possi-
bly has significantly decreased with respect to the very inner
part, however with a small viewing angle generally required
by the common large Doppler factors in γ-ray emission.
Our UHBLs are directly selected form Nieppola et al.
(2006). However, the authors have argued that the actual
position of the peak is probably exaggerated by the use of a
parabolic fitting function, the peak frequencies of these ob-
jects cannot be considered as definite. One extreme possibil-
ity is that these sources are completely not real UHBLs. As
shown in Abdo et al. (2010), no evidence was found for the
c© 2012 RAS, MNRAS 000, ??–??
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Figure 11. The jet proper motion of 2E 0414+0057. The weighted linear fits are shown as solid lines for C1 (lower) and C2 (upper).
The solid circles are for data at 5 GHz, and the asterisks at 8 GHz (see text for details).
2002 2004 2006 2008 2010 2012
0
5
10
15
20
25
Epoch(years)
R
ad
iu
s 
fro
m
 c
or
e(m
as
) EXO 0706.1+5913
C1
C2
C3
Figure 12. The jet proper motion of EXO 0706.1+5913. The weighted linear fits are shown as solid lines for C1, C2 and C3. The solid
circles are for data at 5 GHz, and the asterisks at 8 GHz (see text for details), while the square stands for the 1.6 GHz data component
from Giroletti et al.(2006).
hypothetical class of UHBLs characterized by a synchrotron
emission that is so energetic to reach the γ-ray band. Al-
though it is not definite, we can still see that νpeak of these
sources are apparently higher than normal HBLs according
to their SED in Nieppola et al. (2006). These points might
be kept in the mind when further analyzing our results. The
future simultaneous multi-band data analysis are necessary
to explore their source nature, for example, by model-fitting
with synchrotron and synchrotron self-compton.
5 SUMMARY
We present the EVN and MERLIN observations for nine
UHBLs selected from Nieppola et al. (2006). The VLBA
archive data are also combined to investigate their radio
structure and properties. We found that the core-jet struc-
ture is detected in five sources, while four sources only have
compact core on pc scale. The core of all sources show high
brightness temperature (with mean and median values log
(Tb/K) ∼ 11, which implies that the beaming effect likely
present in all sources. When multi-epoch VLBI data are
available, we found no significant variations either for core
or total flux density in two sources (2E 0414+0057 and EXO
0706.1+5913), and no evident proper motion is found in 2E
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Table 3. Results of modelfit parameters.
Source Epoch Freqency Comp. Flux density r P.A. a log Tb
(GHz) (mJy) (mas) (mas) (K)
2E 0414+0057 1996.68 4.99 C0 36.23 ± 3.66 0.00 ± 0.02 0.00 0.57 ± 0.04 10.25
1996.68 4.99 C1 9.80 ± 2.06 1.81 ± 0.09 56.70 1.81 ± 0.19
1996.68 4.99 C2 1.85 ± 1.01 5.52 ± 0.69 104.26 2.84 ± 1.38
1997.38 4.99 C0 43.15 ± 4.11 0.00 ± 0.01 0.00 0.40 ± 0.03 10.79
1997.38 4.99 C1 5.81 ± 1.79 1.53 ± 0.10 71.37 1.65 ± 0.20
1997.38 4.99 C2 2.78 ± 1.39 4.75 ± 0.17 124.09 2.30 ± 0.34
1999.70 4.99 C0 37.64 ± 4.86 0.00 ± 0.02 0.00 0.54 ± 0.05 10.33
1999.70 4.99 C1 9.48 ± 2.78 1.35 ± 0.07 80.15 1.07 ± 0.13
2004.73 4.99 C0 38.82 ± 4.87 0.00 ± 0.02 0.00 0.39 ± 0.03 10.79
2004.73 4.99 C1 7.73 ± 2.21 1.65 ± 0.39 73.29 3.90 ± 0.79
2004.73 8.42 C0 40.49 ± 4.63 0.00 ± 0.01 0.00 0.29 ± 0.02 10.75
2004.73 8.42 C1 5.04 ± 1.72 1.57 ± 0.15 86.41 1.08 ± 0.30
2009.16 4.99 C0 45.57 ± 4.39 0.00 ± 0.01 0.00 0.33 ± 0.02 11.08
2009.16 4.99 C2 8.64 ± 2.40 3.86 ± 0.46 90.68 3.56 ± 0.92
2010.99 8.65 C0 29.01 ± 2.36 0.00 ± 0.00 0.00 0.12 ± 0.01 11.73
2010.99 8.65 C1 5.28 ± 1.16 1.57 ± 0.14 73.87 1.38 ± 0.27
2011.02 8.65 C0 35.27 ± 2.39 0.00 ± 0.01 0.00 0.27 ± 0.01 10.72
2011.02 8.65 C1 9.97 ± 1.39 1.14 ± 0.12 81.33 1.98 ± 0.24
2011.02 8.65 C2 1.27 ± 0.51 4.38 ± 0.25 88.15 1.46 ± 0.50
EXO 0706.1+5913 2002.13 5.00 C0 29.89 ± 3.56 0.00 ± 0.02 0.00 0.40 ± 0.04 10.56
2002.13 5.00 C1 1.58 ± 0.87 2.14 ± 0.07 -128.91 0.40 ± 0.14
2002.13 5.00 C2 1.66 ± 0.93 4.83 ± 0.25 -156.42 1.11 ± 0.51
2004.73 4.99 C0 29.43 ± 5.00 0.00 ± 0.01 0.00 0.22 ± 0.03 11.32
2004.73 8.42 C0 34.93 ± 5.90 0.00 ± 0.01 0.00 0.13 ± 0.02 11.70
2009.16 4.99 C0 35.01 ± 2.16 0.00 ± 0.01 0.00 0.24 ± 0.01 11.32
2009.16 4.99 C1 6.55 ± 0.94 2.95 ± 0.05 -147.26 0.87 ± 0.09
2009.16 4.99 C2 2.34 ± 1.16 9.31 ± 1.45 -156.27 5.92 ± 2.91
2009.16 4.99 C3 0.73 ± 0.49 22.42 ± 0.91 -145.37 2.83 ± 1.82
2010.93 8.65 C0 36.22 ± 2.89 0.00 ± 0.00 0.00 0.16 ± 0.01 11.41
2010.93 8.65 C0’ 1.80 ± 0.83 1.60 ± 0.01 -170.87 0.17 ± 0.03
2010.93 8.65 C1 3.54 ± 1.07 3.02 ± 0.18 -147.79 1.31 ± 0.36
1ES 0927+500 2009.16 4.99 C0 12.59 ± 1.24 0.00 ± 0.01 0.00 0.28 ± 0.02 10.69
RXS J1012.7+4229 2009.16 4.99 C0 19.00 ± 1.42 0.00 ± 0.00 0.00 0.12 ± 0.01 11.99
2009.16 4.99 C1 3.14 ± 0.67 3.47 ± 0.06 6.41 1.35 ± 0.12
2009.16 4.99 C2 2.62 ± 0.78 11.68 ± 0.81 25.21 5.63 ± 1.62
RGB 1319+140 2009.16 4.99 C0 28.04 ± 2.30 0.00 ± 0.01 0.00 0.35 ± 0.02 10.85
2009.16 4.99 C1 4.44 ± 1.12 5.83 ± 0.41 77.38 3.46 ± 0.81
2009.16 4.99 C2 0.81 ± 0.41 12.43 ± 0.19 80.49 1.07 ± 0.38
RXS J1341+3959 2009.16 4.99 C0 6.71 ± 1.06 0.00 ± 0.00 0.00 0.08 ± 0.01 12.03
RXS J1410+6100 2009.16 4.99 C0 7.16 ± 0.90 0.00 ± 0.00 0.00 0.08 ± 0.01 12.06
RXS J1458.4+4832 2009.16 4.99 C0 7.64 ± 0.93 0.00 ± 0.00 0.00 0.05 ± 0.00 12.89
RXS J2304.6+3705 2009.16 4.99 C0 10.35 ± 0.95 0.00 ± 0.02 0.00 0.51 ± 0.03 9.94
2009.16 4.99 C1 0.90 ± 0.29 3.01 ± 0.13 -59.25 1.15 ± 0.25
Table 4. The VLBI positions of UHBLs.
Source calibrator R. A. (h m s) Dec. (d m s) R. A. (h m s) Dec. (d m s) data
(J2000) (J2000) (J2000) (J2000)
1ES 0927+500 J0929+5013 09 30 37.574 +49 50 25.60 09 30 37.574 +49 50 25.549 EVN
RXS 1012.7+4339 J1022+4239 10 12 44.288 +42 29 57.010 10 12 44.305 +42 29 57.095 EVN
RGB 1319+140 J1327+1223 13 19 31.74 +14 05 33.140 13 19 31.742 +14 05 33.120 EVN
RXS J1341.0+3959 J1340+3754 13 41 04.920 +39 59 35.160 13 41 05.108 +39 59 45.420 MERLIN
RXS J1410.5+6100 J1400+6210 14 10 31.700 +61 00 10.000 14 10 30.851 +61 00 12.790 MERLIN
RXS J1458.4+4832 J1500+4751 14 58 27.353 +48 32 45.99 14 58 27.360 +48 32 45.979 EVN
RXS J2304.6+3705 J2301+3726 23 04 36.630 +37 05 07.3 23 04 36.715 +37 05 07.422 EVN
Column(1): Source name; Column(2): phase referencing calibrator; Columns (3) - (4): source position (R. A. and Dec.) from NED;
Columns (5) - (6): source position (R. A. and Dec.) measured from our observations; Column (7) the data used to measure source
position.
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for our UHBLs and HBLs of Giroletti et al. 2004a. The dashed line indicates the UHBLs,
while the real solid lines indicates HBLs
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Figure 14. The flux variations in 2E 0414+0057: (left) the core flux, (right) the total flux. The solid circles and asterisks are for radio
flux at 5 and 8 GHz, respectively.
0414+0057, while the superluminal motion is likely detected
in EXO 0706.1+5913. Our sources are found to be less com-
pact than the typical HBLs in Giroletti et al. (2004a), by
comparing the ratio of the VLBI total flux to the core flux
at arcsec scale. Combining all our results, we propose that
the beaming effect might be present in the jets of UHBLs,
however, it is likely weaker than that of typical HBLs. More-
over, UHBLs could be the less Doppler beamed versions of
HBLs with similar jet power. The results are in good con-
sistence with the expectations from our previous work.
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